Introduction
Biofilms are dynamic microbial communities attached to a surface and embedded in a self-produced matrix composed of exopolysaccharides and excreted nucleic acids (Vandervoort and Brelles-Marino 2014) . Biofilms, especially bacteria based, are responsible for undesirable effects, including but not limited to, biofouling, pipe plugging, equipment damage, prostheses colonization and disease (Vandervoort and Brelles-Marino 2014) . Biofilms are responsible for diseases, such as pneumonia in cystic fibrosis patients and endocarditis, and have also been implicated in the prevention of wound healing in chronic wounds (Kim et al. 2011) . In clinically relevant biofilms, Pseudomonas sp., Staphylococcus sp. and Candida sp. are the most frequently isolated microorganisms (Khan et al. 2014) .
Bacteria within a biofilm show different properties from those in planktonic life, and therefore, conventional methods of controlling or inactivating free-living bacteria by physical, chemical and biological means are often ineffective with biofilms under in vitro conditions (Hoyle and Costerton 1991; Stewart and Costerton 2001) . Bacteria growing in biofilms exhibit distinct metabolic profiles and are protected by a self-made heterogeneous matrix. Bacterial cells embedded in biofilm adopt a distinct biofilm phenotype, slow down their metabolic rate, reduce energy consumption and protect themselves from external environmental factors, such as antibiotics, biocides and desiccation. In addition, they act as a reservoir of propagating cells by intermittently releasing bacterial cells back to freeliving planktonic form (Donlan and Costerton 2002; Wolcott and Ehrlich 2008) . Both biofilm matrix and metabolic state of bacteria can interfere with antibiotic penetration, resulting in increased antibiotic resistance (Lewis 2001; Ali et al. 2014) . Biofilms demonstrate unusual resistances to almost all forms of sterilization (Brelles-Marino 2012) . Different physical and chemical disinfection methods are widely used to inactivate sessile biofilm forms of microorganisms, with variable efficacies (Ercan et al. 2014) . Chemical disinfection plays a predominant role in controlling biofilms in vitro. For instance, commonly used zxhemical disinfectants to manage biofilms in dental unit waterlines include sodium hypochlorite (NaOCl), hydrogen peroxide (H 2 O 2 ), chlorine dioxide, H 2 O 2 and silver ions, chlorhexidine, paracetic acid, ethylenediaminetetraacetic acid and citric acid (Coleman et al. 2014) . Chlorine and peracetic acid are regarded as the most efficient industrial disinfectants for biofilm removal from surfaces. However, improper use and disposal of disinfectant chemicals may lead to environmental pollution and disinfectant resistance in microbes. On the other hand, with the increased use of antibiotics for treating bacterial biofilm infections in vivo, the rise of multidrug-resistant bacterial pathogens and their clonal expansion within biofilms poses a challenge, especially in healthcare settings. Cytotoxicity and inefficient inactivation of embedded pathogens in biofilms by current biocidal agents incurs additional challenges (Leung et al. 2012) .
To counter these challenges, advanced disinfection techniques using novel antimicrobial and antibiofilm agents are being developed and tested worldwide (Chung and Toh 2014) . Sadekuzzaman et al. (2015) reviewed recently the effectiveness of novel antibiofilm agents such as silver nanoparticles, micro-and nanoemulsion, enzymes like deoxyribonuclease 1, lysostaphin, a-amylase, lactonase and lyase, biosurfactants and bacteriocin. Novel treatments using ultrasonic waves (Carmen et al. 2004a,b) , ultraviolet C (UV-C) (Bak et al. 2009 (Bak et al. , 2010 , photodynamic therapy (Donnelly et al. 2007) , ozone (Robbins et al. 2005) , H 2 O 2 (Harkonen et al. 1999; Robbins et al. 2005) , electrolysed water (Kim et al. 2001 ) and mixed oxidants (Olmedo et al. 2015) have been reported for in vitro biofilm eradication. The oxidative stress induction by using nonthermal gas plasmas or plasma-activated solutions is a relatively new approach for microbial inactivation in biofilms or destruction of biofilm structure in an environmentally friendly and cost-effective manner.
Gas discharge plasmas
The use of gas discharge plasmas as an alternative germicidal tool against biofilms is gaining popularity in recent years. Plasma is defined as a partially ionized gas with a net neutral charge, constituted by different species including electrons, atoms, free radicals, both positive and negative ions, photons and excited and nonexcited molecules (Boyd and Sanderson 2003; Desmet et al. 2009; Bardos and Barankova 2010; Heinlin et al. 2010) . Any kind of energy can be used for ionization, for example, electrical, thermal, optical (e.g. UV radiation), radioactive (e.g. gamma radiation), X-rays, etc. One of the characteristics of plasma is its chemical activity (Kieft 2005) . Plasma can be categorized into thermal (equilibrium plasma) and nonthermal or cold (nonequilibrium plasma) based on the relative energetic levels of electrons and heavy particles of plasma. According to thermodynamics, a system in thermal equilibrium has the same temperature for all the various particles, including the neutral gas (T e %T i %T g ) (Bardos and Barankova 2010) . Thermal plasmas are suitable for pyrolytic processes, metallurgical applications, high temperature chemistry, thermal spraying, etc. Nonthermal plasmas (NTPs) (T e ≫T i %T g ) are capable of physically destroying micro-organisms with minimal to no heat damage to the substrate on which they grown or attached. Nonthermal plasmas can be further divided into low-pressure plasmas (10 À4 to 10 À2 kPa) and atmospheric pressure plasmas. In plasmas generated at low gas pressures, where the collision frequency is low, electron energies remain high compared to ion energies (and energies of gas particles), and this represents nonequilibrium in the plasma (Bardos and Barankova 2010) . The most feasible way to create nonequilibrium plasmas, at atmospheric and higher pressures, is 'pumping' of power selectively to electrons (Bardos and Barankova 2010) . Under higher gas pressures (1 atm and higher), the difference between T e and T g decreases due to increased collisions, thereby plasma state is close to thermal equilibrium state. This condition can be circumvented by supplying a low density of feeding power or a pulsed power, leading to the formation of nonthermal equilibrium plasma (Yan 2015) . The atmospheric plasma sources can be classified according to their excitation mode into distinct groups such as direct current (DC) and low-frequency discharges, radio-frequency (RF) discharges and microwave discharges (Tendero et al. 2006) . Corona discharge and microplasma belong to the pulsed DC discharges. The properties of plasmas, such as the density of charged particles and their energies, generally depend on the power, type of power (e.g. AC, DC, pulsed, frequency, etc.), type of gas, etc. (Bardos and Barankova 2010) .
Plasma species and their role in inactivation
The active chemical species generated during treatment can be controlled by the initial composition of the input gas and the electrical parameters of the plasma discharge. The He/O 2 plasma microjet was reported to produce reactive oxygen species (ROS) such as hydroxyl radical (
) and singlet molecular oxygen ( 1 O 2 ) (Sun et al. 2012) . The intracellular ROS production in biofilm Staphylococcus aureus upon treatment using helium (He) plasma was observed by Xu et al. (2015) . They reported that ROS plays pivotal and synergistic roles in the inactivation of microbial biofilms in conjunction with direct etching effect. Ali et al. (2014) suggested the critical role of reactive species in microbial inhibition as they found correlation between generated reactive species and bacterial inactivation. The generation of ROS is believed to be one of the underlying mechanisms for the fungicidal activity of plasma microjet. Lee et al. (2009) demonstrated that UV radiation was the predominant sterilizing agent against biofilm microorganisms when they were treated with the microwaveinduced argon plasma. Furthermore, a relatively high level of UV light generated by the plasma enhanced the etching and the erosion effects of the bacteria and their biofilms to volatile compounds. Xiong et al. (2011) showed that O and OH rather than O 2 À , N 2 + or UV emission play a major role in the deactivation of Porphyromonas gingivalis biofilms with atmospheric pressure nonequilibrium plasma jet using He/O 2 (1%) working gas. The plasma-produced O and OH species could react with the outer membranes of bacteria and damage them. Since they are neutral particles, they can easily penetrate into the biofilms and kill the bacteria. The generation of reactive oxygen and nitrogen species, as well as atomic O and N and H 2 O 2 was observed by NTP production in ambient air through surface microdischarge plasma technology (Maisch et al. 2012) . The plasma discharges in humid air generates radicals such as OH, peroxides and/or increased amounts of nitrogen oxides (Dorai and Kushner 2003) . The generation of numerous reactive species such as N 2 O 5 , H 2 O 2 , HNO 4 and OH radicals in addition to O 3 , depending on relative humidity levels, has been reported by Patil et al. (2014) . However, a decrease in O 3 generation at higher relative humidity levels was noted.
In aqueous medium, OH radicals may play a major role in microbial inactivation. The OH is presumably produced from the plasma-driven dissociation of H 2 O. The formation of OH radicals as given by Laroussi and Leipold (2004) is illustrated hereunder:
The generation of OH and highly reactive atomic oxygen radicals by the liquid plasma discharge has been reported by Kim et al. (2011) .
Inactivation mechanism
Inactivation studies have shown that plasma treatment can affect the cell envelops, proteins and DNA of microorganisms. Plasma-emitted particles, not UV radiation, were shown to cause physical damage to the cell envelope (Lackmann et al. 2013) . In addition, modifications to DNA nucleobases and rapid inactivation of proteins by nonthermal atmospheric pressure plasma contribute to the bactericidal properties. Lackmann et al. (2013) demonstrated the synergistic effects of plasma-generated vacuum UV photons and particles at the cellular and molecular levels. As a result of the destruction of the outer structure, an eventual release of cytoplasm was reported to be the cause of death of Candida albicans by dielectric barrier discharge (DBD) exposure (Shi et al. 2008) . Possible oxidation and peroxidation of lipids of the bacterial outer envelopes and cytoplasmic membrane by free radicals, and possible oxidation of the exopolysaccharide that composes the biofilm matrix and anchors bacteria to the surface by plasma have been suggested by Vandervoort and Brelles-Marino (2014) . When exposed to atmospheric pressure NTP, augmented survival of biofilm-resident Escherichia coli bacteria compared to planktonic cells has been demonstrated (Salamitou et al. 2009 ). The possible induction of viable but nonculturable state of biofilm bacteria upon atmospheric cold plasma treatment has been reported (Ziuzina et al. 2015a) . Quorum sensing is a crucial regulatory mechanism utilized by numerous bacterial pathogens to regulate virulence and biofilm formation (Rutherford and Bassler 2012) . It has been shown that NTP exposure of acyl homoserine lactones, signalling molecules involved in quorum sensing, reduced the ability of such molecules to elicit a quorumsensing response in bacterial reporter strains in a dosedependent manner and thereby attenuating the virulence (Flynn et al. 2016) . In another study, significant reductions of Pseudomonas aeruginosa quorum sensing-regulated virulence factors, such as pyocyanin and elastase (Las B), were achieved by the effect of atmospheric cold plasma treatment; however, no reduction in actual biofilm formation was noted (Ziuzina et al. 2015a) .
Before becoming inactivated by plasma, cells go through a sequential set of physiological and morphological changes and therefore longer treatments may be necessary to ensure complete inactivation/sterilization (Joaquin et al. 2009) . Biofilm inactivation by plasma may proceed through a viable but nonculturable state of bacterial cells (Brelles-Marino 2012) . The lethality of plasma has been assessed by many authors in terms of the number of colonies that can be counted after the treatment. However, it is of concern because microbial cells that exist in a viable but nonculturable state are still alive and may retain pathogenicity. Therefore, viability experiments should always be carried out before drawing the conclusion that plasma is useful to kill cells based solely on measurement of culturable cells (Vandervoort and Brelles-Marino 2014) . Recently, a computational study on the intersection of a negative streamer produced by air DBD with a bacterial biofilm on an apple surface showed that ionization near the biofilm facilitated the propagation of the streamer when its head is 1 mm from the biofilm (Cheng et al. 2016) . The structure of the biofilm results in the nonuniform distribution of ROS and RNS captured by flux and time fluences of these reactive species. The plasma penetration into the cavity of the biofilm was permitted by the mean free path of electrons and ions in a micrometre scale, and this diffusion results in the uniform distribution of ROS and RNS inside the cavity during the pulse off period, although their densities decrease by 6-7 orders of magnitude.
Inactivation of biofilm-associated bacteria by NTPs

Opportunistic bacterial pathogens
Biofilms are responsible for a significant portion of nosocomial infections in clinical settings (Golkowski et al. 2012) . Opportunistic pathogens pose a significant health risk to vulnerable people with weakened immune systems. Biofilm formation is an important survival strategy adopted by opportunistic pathogens belonging to the genera Staphylococcus and Streptococcus (Speziale and Geoghegan 2015) . Lee et al. (2009) evaluated the removal and antirecovery efficiency of the most common biofilms produced by E. coli, Staphylococcus epidermidis and methicillin-resistant Staph. aureus using microwaveinduced argon plasma at atmospheric pressure. The system consisted of 2Á45 GHz magnetron power supply (1 kW), an applicator including a tuning section and the nozzle made of quartz. The slide glasses with bacterial biofilms were placed in front of a nozzle in the plasma system and exposed to plasma for 1, 5, 10, 15 and 20 s. The results showed that, in all bacterial biofilms used, regrowth of planktonic bacteria was not observed with plasma treatment for 5 s. Helium-stabilized capacitive discharge plasma produced by using a commercially available Atomflo 250 reactor (Surfx Technologies, Redondo Beach, CA) was used to inactivate Chromobacterium violaceum CV026 biofilms (Becker et al. 2005) . Results showed that, after a 5-min exposure, a rapid reduction in the biofilm-forming cells by >2 (in a 4-dayold biofilm) and 3 (in a 7-day-old biofilm) orders of magnitude was noted. And, after longer plasma exposure times (5-60 min), the cells were reduced by 3Á5-4Á0 orders of magnitude. Under similar experimental conditions, using the same biofilm bacteria and plasma source, Abramzon et al. (2006) explained the biphasic behaviour of survivor curves and calculated the D-values. D-values of first and second phases are 2Á3 AE 0Á34 and 37Á4 AE 12Á1 min respectively. A 10-min plasma treatment was recommended for maximum inactivation. However, further research by the same group (Joaquin et al. 2009) showed that, after the plasma exposure for 5 and 60 min, the mean levels of inactivation of culturable cells in a 4-day-old biofilm were 99Á61 and 99Á98% respectively; and in the case of a 7-day-old biofilm, inactivation levels were 99Á94 and 100% respectively. They emphasized the importance of viability experiments before drawing the conclusions on efficacy studies related to plasma-biofilm inactivation as viability of nonculturable cells has been observed after short plasma exposure times. The efficiency of a gliding arc discharge against the destruction of Staph. epidermidis planktonic, adherent and biofilm cells was determined by Kamgang et al. (2007) . In that study, air saturated with water was used as the plasma gas. No viability of adherent cells was detected after 30 min of treatment, indicating an inactivation of >6 log units. Meanwhile, the cells in biofilm were destroyed by 3 log units only. And it required a 70-min treatment time for a reduction by 6 log units for biofilm cells. Marchal et al. (2012) evaluated the efficiency of a lowtemperature, DC-corona discharge plasma jet on the inactivation of adherent cells and 48-h-old biofilms of Weissella confusa. Biofilms were grown on de ManRogosa-Sharpe agar with and without sucrose supplementation. Initially 78-92% living cells were inactivated substantially to 4-8% after 30 min of plasma exposure. The D 10 value obtained in the case of biofilms grown without sucrose (D 10 = 5Á9 AE 2Á1 min) is close to the one grown with sucrose (D 10 = 5Á4 AE 1Á2 min) for an exposure time of 0-20 min. Golkowski et al. (2012) investigated the antibiofilm effect of hydrogen peroxideenhanced DBD effluent against E. coli biofilms. The discharge was physically removed from the disinfection zone (3 m physical distance), and plasma-induced free radicals were delivered through an air stream. Biofilm samples were prepared from E. coli in multiwell culture plates containing six wells. The results show that culturable cells in the biofilm, which were directly exposed to the plasma effluent, showed a reduction of 6 log units after a 5-min exposure. They concluded that the effluent produced by the device is effective against biofilms, provided that the target is fully immersed in the effluent. Ercan et al. (2014) demonstrated the inhibitory activity of plasmaactivated methionine solution against the biofilms of carbapenem-resistant Acinetobacter baumannii, methicillin-resistant Staph. aureus, metallo-b-lactamase-positive Klebsiella pneumoniae and Enterococcus faecalis. The formation of biofilms was prevented by about 70% following a single exposure when compared to untreated controls. In addition, a complete inactivation of biofilmembedded bacterial cells was observed in <30 min of exposure to candidate plasma-activated methionine solution. The studies cited above show that bacterial biofilm cells, irrespective of their species, are obviously more resistant to NTP-induced inactivation in comparison with their planktonic or adherent cell counterparts.
Opportunistic pathogen Pseudomonas aeruginosa
Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen, which normally infects immunocompromised individuals. It causes infections in burned tissue and colonizes in catheters and medical devices. The biofilm mode of growth, which is promoted by the production of exopolysaccharides, is the survival strategy of Ps. aeruginosa (Hoiby et al. 2001) . Zelaya et al. (2010) investigated the effect of gas-discharge plasma, delivered by Atomflo 300 reactor and generated using He and O 2 against Ps. aeruginosa PAO1 biofilms grown on borosilicate coupons. Almost 100% of the cells were inactivated after a 5-min plasma exposure. Vandervoort and Brelles-Marino (2014) demonstrated that Ps. aeruginosa biofilms grown on glass under continuous culture can be inactivated using atmospheric pressure gas discharge plasma. The biofilm architecture and cell culturability were shown to be impacted by the plasma treatment; cells have undergone sequential changes ranging from minimal modification without loss of viability at short plasma exposure times, to major structure and viability loss at longer exposure times. Changes in the biofilm structure leading to the loss of culturability and viability was also reported. Alkawareek et al. (2012) evaluated the activity of a kilohertz-driven atmospheric pressure NTP jet, operated with a He-O 2 mixture, against Ps. aeruginosa in vitro biofilms. A marked susceptibility to the exposure of the plasma jet effluent, following even relatively short ( $ 10 s) exposure times, was noted. A greater than 4 log (99Á99%) reduction in the number of viable cells was achieved within 4 min of exposure to the plasma jet when operated at 20 kHz. While increasing the operation frequency to 40 kHz resulted in a complete eradication of the bacterial biofilm at 4 min. However, a recent study by Mai-Prochnow et al. (2015) demonstrated that low doses of cold atmospheric plasma may lead to the emergence of resistant bacteria and the formation of persister cells. Their results established the involvement of phenazines, biologically active metabolites with functions in virulence, in plasma survival and resistance. Therefore, optimization of plasma inactivation conditions is critical to avoid development of resistance. Recently, Ben Belgacem et al. (2016) developed a prototype that generates NTP directly and solely in a sealed bag and tested on Ps. aeruginosa biofilms to evaluate the bactericidal power of such NTP. The Ps. aeruginosa biofilms cultured on discs made of a hydroxyapatite-coated titanium (Ti) alloy were used to assess the effectiveness of two different plasmas produced from gas mixtures of O 2 and N 2 (5% O 2 -95% N 2 or 15% O 2 -85% N 2 ). A 6 log reduction was achieved regardless of the gas mixtures after a 60-min treatment on multilayer biofilms. The results show that the NTP could completely eliminate a Ps. aeruginosa monolayer biofilm. Ferrell et al. (2013) evaluated the structure and stability of bacterial biofilms following exposure to NTP discharge. In that study, individual biofilms were grown in vitro with pathogenic strains of Ps. aeruginosa using a modified, novel sequential bioreactor system. The results showed that several structural characteristics of the biofilms were significantly affected by the NTP discharge. The mechanism of action is believed to be a synergistic effect due to the composition of the reactive species and other plasma-associated molecules. Matthes et al. (2013) investigated the antimicrobial efficacy of two different surface barrier discharges with air plasma against Ps. aeruginosa SG81 as biofilm-forming bacteria. Chlorhexidine digluconate (CHX) solution was used as a representative of an important antibiofilm antiseptic. The biofilms cultivated on polycarbonate discs were treated for 30, 60, 150, 300 or 600 s with the plasmas or for 600 s with 0Á1% CHX. Both the discharges showed different inactivation efficacies. The mean maximum colony reduction factor after 600 s of exposure was in the range 3Á8-7Á1 log 10 CFU per cm 2 for both discharges, whereas the 0Á1% CHX treatment showed a colony reduction factor of 1Á7 log 10 CFU per cm 2 only.
Opportunistic pathogen Staphylococcus aureus
Staphylococcus aureus is an opportunistic and resilient human pathogen that causes nosocomial as well as community-acquired infections (Lister and Horswill 2014; Nair et al. 2014) . Attachment of Staph. aureus to medical implants and host tissue, and the establishment of a mature biofilm, plays an important role in the persistence of chronic infections (Lister and Horswill 2014) . A floating-electrode DBD was successfully used to inactivate biofilm forms of E. coli, Staph. aureus, multidrug-resistant methicillin-resistant Staph. aureus (MRSA)-95 (clinical isolate), -USA300 and -USA400 (Joshi et al. 2010) . The plasma was generated in room air at normal atmospheric conditions. Results showed that the plasma was able to kill MRSA more than 60% within 15 s, and a complete inactivation of all the biofilm forms occurred in <120 s.
The biofilms of MRSA-300 and -400 were found to be less susceptible than others to the plasma-induced inactivation. Cotter et al. (2011) evaluated the disinfection rate of remote nonthermal gas plasma (DBD in air) on clinically relevant biofilms, methicillin-resistant Staph. aureus and Staph. epidermidis biofilms. The strains were grown as biofilms on glass surfaces and tested in a disinfection container remote from the plasma source. Colony counts were reduced by between 4 and 4Á5 log 10 after 1 h of exposure for methicillin-resistant Staph. aureus and Staph. epidermidis respectively. A prolonged treatment in the case of methicillin-resistant Staph. aureus biofilms resulted in a 5Á5 log 10 reduction after 90 min. Kim et al. (2011) investigated the disinfection of a reconstructed human skin model contaminated with biofilm-formative Staph. aureus employing a liquid-phase discharge plasma. Pulsed RF output power was applied at 10 W, 10 Hz, 10% duty cycle for 1, 2, 3 or 5 min in the case of 3-hgrown bacterial samples and for 3 min in the case of 24-h-grown biofilm samples. When tissue samples were incubated with bacteria for 3 h, the bacterial inactivation rate reached a maximum of 3Á83 log 10 with a 2-min treatment. In the 24-h biofilm culture, 1Á59 log 10 reduction in bacterial load was observed with a 3-min treatment. Traba and Liang (2015) examined the use of low-power argon plasmas for the decontamination of preformed Staph. aureus biofilms on various surfaces. Under optimal conditions, bacterial cells in Staph. aureus biofilms were killed (>99Á9%) by the plasmas within 10 min of exposure and no bacteria nor biofilm regrowth from the plasma-treated biofilms was observed for 150 h. Xu et al. (2015) investigated the antimicrobial effects of helium atmospheric pressure plasma jet against Staph. aureus biofilms in vitro. A reduction of 3Á06 log 10 CFU per ml (more than 99Á9%) was achieved after plasma exposure for 10 min with a D-value of 52 s. It was found that Staph. aureus biofilms are more resistant to the plasma than adherent Staph. aureus. The above studies on inactivating opportunistic bacteria indicate that NTPs generated in atmospheric air and using inert gases such as He or Ar as feed gases could be more useful in inactivating biofilm-associated bacteria. However, along with inert gases, supplementation of O 2 in minor proportions seems to be beneficial in terms of inactivation efficacy. Major factors influencing the inactivation efficacy of NTPs include, but not limited to, type of plasma and feed gas composition, the type of microbial species, degree of exposure, conditions of exposure, the growth phase of biofilm and substratum on which biofilms exist. Biofilm spatial structures and matrix components may also affect the effectiveness to a certain extent. The optimization of NTP-induced inactivation using factorial designs could help to increase the effectiveness of treatment. Finally, NTPs could potentially be used to reduce nosocomial infections in healthcare settings by destroying potential biofilm formers on catheters, implants, medical devices, etc.
Oral biofilm-associated bacteria
The inactivation of oral biofilms is an interesting application of NTPs. Dental plaque biofilms are known to consist of complex communities of oral bacteria that produce cavities and gum diseases. van den Bedem et al.
(2005) used a simulated dental cavity model to study the penetration of plasma species into cavities and the effectiveness of bacterial inactivation. Two microscope slides with a spacer in between were used; the walls of the slides were covered with pathogenic bacteria Streptococcus mutans. After 60 s of treatment with a plasma needle, at 110 and 340 mW power levels, bacteria existed within a radius of 5-8 mm in the slit between the slides were inactivated. Although the results are encouraging, the experimental approach used biofilms of a single bacterial species to simulate the dental plaque, however, it is known that oral biofilms are composed of several types of micro-organisms. Sladek et al. (2007) demonstrated the inhibitory effects of a nonthermal atmospheric plasma treatment against a Strep. mutans biofilm. A RF-driven plasma needle was used. A single plasma treatment for 1 min on biofilms cultured without sucrose caused no regrowth up to 12 h after treatment. The results are comparable to standard CHX treatment. Koban et al. (2011) evaluated the effect of three different plasma devices, including an atmospheric pressure plasma jet (kINPen09), a hollow DBD electrode, a volume DBD combined with argon (Ar) gas, Ar plasma, Ar + 1% O 2 gas or Ar + 1% O 2 plasma, on the reduction of Strep. mutans and multispecies human saliva biofilms, which were grown on Ti discs in vitro in comparison with a CHX rinse. The maximum CFU reduction to CHX after 10 min was 3Á36 log 10 for Strep. mutans biofilm and 1Á50 log 10 for saliva biofilm, whereas maximum CFU reduction to the volume DBD argon plasma was 5Á38 log 10 for Strep. mutans biofilm and 5Á67 log 10 for saliva biofilm. Using the kINPen09 plasma, maximum log 10 reduction factors of 3Á19 (after 1 min Ar plasma) and 2Á21 (after 1 min Ar + 1% O 2 plasma) were achieved for Strep. mutans. Corresponding reduction factors using Ar gas were 2Á05 and 2Á67. The treatment with hollow DBD Ar + 1% O 2 plasma achieved a maximum reduction factor of 3Á79 for Strep. mutans. On saliva biofilms, kINPen09 (1 and 2 min), hollow DBD Ar + 1% O 2 (5 and 10 min) and volume DBD plasma (5 and 10 min) had exhibited significantly greater antimicrobial effects compared with CHX. Idlibi et al. (2013) evaluated the degradation of oral biofilms grown in situ on machined Ti discs by cold atmospheric plasma. Approximately 200 Ti discs were exposed to the oral cavities of five healthy human volunteers for 72 h. Subsequent exposure of the resulting biofilms to the cold atmospheric plasma significantly reduced their viability and quantity, compared with results for the positive control treatments using laser and chlorhexidine 0Á2%. Recently, Delben et al. (2016) evaluated the antimicrobial effect of atmospheric pressure cold plasma on pathogenic oral biofilms of C. albicans and Staph. aureus. For single-species biofilms, the plasma group showed lower log 10 CFU per ml (C. albicans: 4Á68 AE 0Á25/S. aureus: 6Á68 AE 0Á29) than negative (C. albicans: 6Á27 AE 0Á42/S. aureus: 8Á67 AE 0Á21) (P < 0Á05) and positive (C. albicans: 6Á14 AE 0Á12/S. aureus: 8Á74 AE 0Á10) (P < 0Á05) controls. Positive controls were penicillin G and fluconazole for Staph. aureus and C. albicans respectively.
The results of above studies confirm the antimicrobial effectiveness of NTPs against oral biofilm-associated bacteria. Although most of the studies have been conducted using biofilms grown and plasma-treated under in vitro conditions, in situ oral biofilm disintegration potential of NTP has also been shown, using biofilms formed on machined and microstructured Ti surfaces (Idlibi et al. 2013) . The biological safety of atmospheric pressure cold plasma was evaluated on in vitro reconstituted oral epithelium (Delben et al. 2016) . Low cytotoxicity and high viability of oral epithelium was noted following the plasma exposure. In addition, no sign of necrosis and maintenance of cell proliferation in plasma-treated epithelium were observed. The results indicate the possible application of NTPs for in vivo treatment of oral plaque biofilms.
Enterococcus faecalis is frequently implicated in persistent endodontic infections. Du et al. (2012) evaluated the in vitro antibacterial activity by atmospheric pressure nonequilibrium plasmas against bacterial biofilms in root canal systems during endodontic therapy. Enterococcus faecalis biofilms were allowed to form by placing sterile cover slips into the wells of tissue culture plates. The formed biofilms were treated for 5 min with the plasmas or 2% CHX. In addition, infected single-rooted teeth were exposed to the plasmas or 2% CHX for 5, 10 and 15 min. The results show that treatment for 5 min with the plasmas or 2% CHX inactivated the majority of bacteria in the Ent. faecalis biofilms. Additionally, the plasma treatment was as effective as 2% CHX for inactivating bacteria in infected root canals (P > 0Á05). The study also concluded that nonequilibrium plasmas can be an effective adjunct to standard endodontic antimicrobial treatment. Pan et al. (2013) investigated the feasibility of using NTP in the treatment of root canal infected with Ent. faecalis biofilms in vitro. In that study, the biofilminfected single-root teeth (total 70) were divided into seven groups. Group 1 and 7 served as a negative (no treatment) and positive (teeth treated with calcium hydroxide intracanal medication for 7 days) control respectively. Groups 2-6 included teeth treated with NTP for 2, 4, 6, 8 and 10 min respectively. A single electrode, which is connected to a 10-kHz sinusoidal high-voltage source with an 18-kV peak-to-peak voltage, nonthermal atmospheric pressure plasma jet was used to treat the Ent. faecalis biofilms. The plasma treatment was less effective against the bacteria at treatment times of 2, 4 and 6 min than the conventional Ca(OH) 2 treatment. However, longer plasma exposure times of 8 and 10 min showed significantly better results than the positive control group. After 10 min of exposure, there were no detectable residual CFUs in the samples. Schaudinn et al. (2013) used a plasma needle to eliminate ex vivo biofilms on root canals of extracted teeth. Teeth were divided into three groups: treatment with the plasma needle, treatment with 6% NaOCl and control. It was concluded that the NTP displayed antimicrobial activity against endodontic biofilms in root canals but was not as effective as NaOCl. The results of these studies warrant more systematic investigation of endodontic biofilm inactivation using NTP.
Biofilm-associated foodborne pathogens
Escherichia coli, Bacillus cereus, Staph. aureus and Shigella sp. have been detected in biofilms developing in the dairy and egg processing industries (Shi and Zhu 2009; Bridier et al. 2015) , and Listeria sp., Staphylococcus sp. and Vibrio sp. have been isolated from industrial equipment surfaces in seafood processing plants (Gutierrez et al. 2012; Bridier et al. 2015) . About 30-80% of bacteria on plant surfaces exist within biofilms (Lindow and Brandl 2003) . Chlorine-based sanitizers, with concentrations of 50-200 ppm chlorine, are usually used to sanitize processing equipment and produce surfaces. Undesirable effects of chemical washing include byproduct formation, safety concerns and negative effect on fresh produce quality. Akishev et al. (2012) studied inactivation of atmospheric pressure NTP against two model biofilms generated by E. coli and Bacillus subtilis monocultures. The biofilms were grown on agar and on the surface of inert carriers, mild steel and polypropylene coupons. A complete inactivation of E. coli on metal and plastic coupons was observed within 1-3 min of the treatment. Bacillus subtilis biofilms grown on both types of coupons have shown more tolerance than E. coli biofilms. Srey et al. (2014) investigated the effect of different physical and chemical treatments, including cold oxygen plasma, on reduction of Listeria monocytogenes biofilms formed on lettuce and cabbage. The samples with the biofilms were exposed to 750 mJ cm À2 of the plasma, generated using atmospheric air. Results showed that the cold oxygen plasma significantly reduced the L. monocytogenes on lettuce by 3Á85 log CFU per cm 2 and on cabbage by 4Á09 log CFU per cm 2 , without any effect on the colour and texture quality of the produce. Among tested antimicrobial agents, UV-C and cold oxygen plasma were found to be more effective than others for both cabbage and lettuce biofilm disinfection. Jahid et al. (2014a) evaluated the efficiency of cold oxygen plasma in reducing biofilm of Aeromonas hydrophila on lettuce surfaces incubated at different temperatures. The results showed that the plasma treatment for 5 min significantly reduced (5Á0 log) the biofilm populations of A. hydrophila on lettuce incubated at <15°C. However, the biofilm populations displayed enhanced resistance at higher temperatures (≥15°C). Higher biofilm formation and internalization in stomata could be the main factors mediating resistance at higher temperatures (Jahid et al. 2014a) . Vleugels et al. (2005) evaluated the ability of atmospheric pressure glow discharges to inactivate biofilm-forming micro-organisms on food surfaces. Twelve and 24-h-old Pantoea agglomerans biofilms were subjected to atmospheric He-O 2 plasmas. The plasma treatment of 12-and 24-h-old samples had induced 2Á0 and~1Á2 log reductions in 10 min respectively. Ziuzina et al. (2015a) investigated the effect of atmospheric cold plasma against a range of microbial biofilms, which are commonly implicated in foodborne and healthcare-associated human infections. Antibiofilm activity of the plasma was assessed for E. coli, L. monocytogenes and S. aureus. High voltage DBD atmospheric cold plasma, which was generated at 80 kV for 0, 60, 120 and 300 s, was used to treat the samples sealed in polypropylene containers. The plasma treatment for 60 s reduced populations of E. coli to undetectable levels, whereas it took 300 s to reduce populations of L. monocytogenes to undetectable levels and S. aureus biofilms by 4 log 10 CFU per ml. In another study by Ziuzina et al. (2015b) , atmospheric cold plasma treatment for 300 s effectively reduced biofilm populations, Salmonella Typhimurium, L. monocytogenes and E. coli, on lettuce by 5 log 10 CFU per ml. During experimentation, for biofilm formation and internalization, lettuce pieces were dip inoculated in bacterial suspension of~7Á0 log 10 CFU per ml for 2 h and further incubated for 0, 24 and 48 h at either 4°C or room temperature (~22°C) in combination with light/ dark photoperiod or at 4°C under dark conditions. Inoculated samples were sealed inside a rigid polypropylene container and indirectly exposed to 80 kV RMS voltage air atmospheric cold plasma with subsequent storage for 24 h at 4°C. Inactivation was affected by age of bacterial biofilm and storage conditions. They concluded that atmospheric cold plasma technology has the potential to overcome bacterial challenges associated with fresh produce. Kim et al. (2015) evaluated the bactericidal effect of atmospheric pressure plasma jet on E. coli O157:H7, L. monocytogenes and Salm. Typhimurium biofilm formation on collagen casing, polypropylene and polyethylene terephthalate. Nitrogen (6 litres per min) gas combined with oxygen (10 standard cubic centimetres per min) was used to produce the plasma. The samples were treated separately with the atmospheric pressure plasma jet at a 50-W input power for 5 and 10 min. All the pathogens attached to these three substratums were decreased by 3-4 log CFU per cm 2 after 10 min of treatment. On the distinct advantage of using NTPs for eradication of biofilms on food contact surface or on produce surface is that plasma treatment does not leave any residue on surfaces, unlike chemical disinfectants. In addition, plasma treatment may not affect physiochemical properties of fresh produce. Plasma-activated water could be more useful to decontaminate fresh produce as certain physical species (charged particles, UV rays and electrons) of direct plasma might damage its delicate surface.
Multispecies biofilm-associated bacteria
Most of the NTP antibiofilm activity studies have been conducted using pure culture biofilms; however, such biofilms are uncommon on real-world surfaces. Often, mixed culture biofilms exist. Multispecies biofilms have synergistic interspecies interactions, physiological heterogeneity and antimicrobial resistance (Burmolle et al. 2006; Jahid and Ha 2012) . On food contact surfaces, mixed culture biofilms have been reported to be more resistant to common disinfectants compared to monocultures (Behnke et al. 2011; Kostaki et al. 2012) . Biofilms attached to fresh produce are difficult to decontaminate (Jahid and Ha 2012) . Jahid et al. (2015) assessed the effectiveness of cold oxygen plasma against biofilms of Salm. Typhimurium mixed with cultivable indigenous micro-organisms. In that study, both of these bacteria were grown as monocultures as well as mixed cultures at 15°C for planktonic state and biofilm on stainless steel and lettuce leaves. Mixed cultures of Salm. Typhimurium and cultivable indigenous micro-organisms showed an antagonistic interaction on lettuce, but not on stainless steel or in planktonic state. Mixed cultures showed significantly (P < 0Á05) greater resistance to the plasma compared to monoculture biofilms on lettuce, but not on stainless steel or planktonic state. On lettuce leaves, after treatment for 5 min with the plasma, reductions of 3Á74, 4Á11, 1Á74 and 1Á63 log CFU per cm 2 were achieved in Salm. Typhimurium monoculture, cultivable indigenous micro-organism monoculture, Salm. Typhimurium mixed culture and cultivable indigenous micro-organism mixed culture biofilms respectively. The plasma was found to be less effective to reduce biofilm population from lettuce. Earlier, Jahid et al. (2014b) showed that higher stomatal colonization and internalization due to mixed culture of Salm. Typhimurium with natural bacteria might contribute to the resistance to cold oxygen plasma. They concluded that the efficacy of plasma treatment depends on food type, bacterial age and plasma characteristics. Therefore, for a successful inactivation of multispecies biofilm structures using cold oxygen plasma, further optimization was recommended by Jahid et al. (2015) . Immersion of fresh produce in the flowing afterglow of discharge plasma might be useful in inactivating stomatal internalized bacteria or biofilms rather than direct exposure to plasma.
Implant biofilm-associated bacteria
The development of bacterial biofilms is one of the leading sources of biomaterial contamination and implantassociated infections. The inactivation ability of two different plasma jets, nonthermal annular plasma jet and nonthermal soft plasma jet for Propionibacterium acnes, an opportunistic Gram-positive pathogen, in planktonic state and biofilm state was investigated (Ali et al. 2014) . The biofilms were exposed to annular plasma jet for 300, 600, 1200 and 1800 s and soft plasma jet for 60, 180, 300 and 600 s. A considerable decrease in biofilm mass was noted on 1200-and 1800-s treatments with annular plasma jet, and 300-and 600-s treatments with soft plasma jet. The results confirmed that both the plasma devices showed considerable inactivation potential in planktonic P. acnes and P. acnes biofilms. Especially, the soft plasma jet showed better inhibitory effect with a shorter exposure time than the annular plasma jet. Hence, NTPs could be regarded as a novel tool for disintegration of implant biofilms in vitro. Additionally, by using NTPs, hydrophobic implant surfaces can be modified to contain hydrophilic groups, right before implantation. Such a surface modification improves implant fixation and prevents infections, and therefore may act as a prophylaxis against biofilm infections.
Biofilm-associated bacteria involved in biofouling
Biofouling is a major economic problem in many industrial processes. Biofouling occurs on surfaces after formation of a biofilm. Alkawareek et al. (2014) investigated the ability of atmospheric pressure plasma to eradicate biofilms of four biofouling bacterial species, Pseudomonas fluorescens, Staphylococcus saprophyticus, Vibrio alginolyticus and Vibrio proteolyticus, which are frequently encountered in marine environments. The biofilms were grown on both polystyrene and stainless steel surfaces before being exposed to atmospheric pressure NTP jet, which was operated with a 2 standard litres per minute He and 0Á5% O 2 admixture. Results show that a rapid and complete eradication of all biofilms under study can be achieved after the plasma exposures ranging from 60 to 120 s. Thus, NTPs can be used as a potential tool for the control of biofouling. However, the prevailing NTPgenerating systems are small in size and have limited scale output, which hinders their application on larger biofilmprone surfaces like ship hulls and large-scale industrial equipment. Therefore, the development of diverse configurations of plasma devices that can be tailored for different applications may allow for their future utilization as antibiofouling tools.
Synergistic effect of NTPs
NTPs can exhibit a synergistic antimicrobial effect when used in combination with other antimicrobial agents. Koban et al. (2013) evaluated the synergistic effect of atmospheric pressure plasma and different disinfecting agents, namely 0Á1% CHX, 0Á1% octenidine dihydrochloride, 0Á1% polihexanide, 0Á6% NaOCl, 1Á5% H 2 O 2 and 20% ethylenediaminetetraacetic acid, in dentistry on the reduction of biofilms. Monospecies (Strep. mutans) and multispecies dental biofilm models were grown on Ti discs in vitro. After treatment with one of the agents, the biofilms were treated with argon plasma. For Strep. mutans biofilms, no colonies were detected after treatment with NaOCl or H 2 O 2 . For multispecies biofilms, the combination with plasma achieved a higher CFU reduction than each agent alone. They found additive antimicrobial effect between argon plasma and disinfecting agents. Cui et al. (2016) evaluated the synergetic antibacterial efficacy of cold nitrogen plasma and clove oil against E. coli O157:H7 biofilms on lettuce. Both clove oil (1, 2 and 4 mg ml À1 ) and cold nitrogen plasma (400-600 W) displayed significant eradication effect on E. coli O157:H7 biofilms in vitro. The numbers of E. coli O157:H7 significantly decreased with an increasing concentration of clove oil. In vitro, the antibiofilm effect of clove oil improved along with prolonged treatment duration. After a 5-and 30-min treatment (clove oil at 1 mg ml À1 ), the populations of E. coli O157:H7 in biofilms showed 1Á01 and 3Á32 log reductions respectively. Using cold nitrogen plasma at 400 W, 1Á51 log reductions in the population of biofilms was detected after 1 min of treatment.
Extending the treatment time to 3 min, the amount of E. coli O157:H7 was dropped by 2Á23 log. Compared with the respective treatment, combined treatment exhibited remarkable synergistic effect on eradicating E. coli O157: H7 biofilms. In vitro, the combined antibacterial activity of clove oil at 1 mg ml À1 (5 min) with cold nitrogen plasma at 400 W (1 min) against E. coli O157:H7 biofilms was significant and synergistic, counts dropped by 4 log units. In lettuce, a 5Á48 log CFU per cm 2 reduction of E. coli O157:H7 was achieved by synergetic treatment, cold nitrogen plasma (3 min) and clove oil (1 mg ml À1 ), without affecting the sensory quality (colour and taste) of lettuce. Therefore, synergism between NTPs and microbicidal agents need to be explored further, and this approach could be used as a tool to overcome antimicrobial resistance in biofilms.
Biofilm thickness and inactivation
Biofilms have a multilayer structure. In biofilms, a uniform surface density of micro-organisms offers protection against attacks of plasma species (Vleugels et al. 2005) . Xiong et al. (2011) found that He/O 2 (1%) atmospheric pressure nonequilibrium plasma jet can penetrate the Porphyromonas gingivalis biofilms and effectively deactivate all the bacteria in 15-lm-thick biofilms. An increased penetration of reactive plasma species to the bottom layer of a 25Á5-lm-thick Ent. faecalis biofilm using a handheld, mobile plasma jet powered by a 12 V DC battery was reported by Pei et al. (2012) . Therefore, although an inverse relationship is expected to exist between NTP inactivation potential and biofilm thickness, other factors such as the type of NTP or micro-organism and treatment conditions seem to play a predominant role in microbial inactivation.
Inactivation of biofilm-associated fungi by NTPs
Opportunistic pathogen Candida albicans
Candida albicans is one of the major species able to form a biofilm on almost any surface. They can colonize in polymers used for medical devices, such as dental material, stents, prostheses, implants and catheters, and causes life-threatening infections (Harriott and Noverr 2009) . Candida growing in biofilms has shown increased levels of resistance to a wide spectrum of conventional antifungal drugs (Jabra-Rizk et al. 2004) . Koban et al. (2010) investigated the antifungal efficacy of three different low-temperature plasmas, namely an atmospheric pressure plasma jet and two different DBD, on C. albicans biofilms grown on Ti discs in vitro. The plasma treatment reduced the number of colony-forming units of the fungus significantly compared to chemical disinfectants. The log 10 reduction factor of DBD plasma was up to 5, which is much higher as compared to CHX or NaOCl disinfectant with a CFU log 10 reduction factor of 1Á5. Maisch et al. (2012) used surface micro-discharge plasma technology to generate plasma in ambient air to inactivate C. albicans biofilm via a contact-free disinfection procedure. A killing efficacy of 99Á9% of viable Candida cells was achieved with a plasma treatment time of 40 s; and further up to 5 log 10 steps when the plasma treatment time was 5 min. The surface microdischarge plasma technology has a greater potential to sterilize Candida biofilm-contaminated surfaces and equipment in healthcare settings, and therefore might have a positive impact on preventing community-acquired and nosocomial infections. Sun et al. (2012) used NTP as supplementary to common antifungal drugs, against Candida biofilms. A DC atmospheric pressure He/O 2 (2%) plasma microjet was used to treat Candida biofilms in a 96-well plate. The Candida biofilms were completely inactivated after a 1-min treatment with the plasma. The results conclude that He/O 2 (2%) plasma alone, as well as in combination with common antifungal drugs, can be used to inactivate Candida biofilms rapidly. Fricke et al. (2012) used atmospheric pressure plasma jet operating with two different process gases (argon and argon/oxygen mixture) against C. albicans biofilms having a thickness of 10-20 lm. The biofilm was removed within 300 s of plasma treatment when oxygen was added to the argon gas discharge. Recently, Doria et al. (2015) investigated the effect of the postdischarge region of a nonthermal atmospheric plasma jet, generated with mixtures of argon and air, on standard strain biofilms of C. albicans grown on polyurethane substrate. Reduction in CFU per ml of 85 and 88Á1% were observed in groups treated with argon plasma and treated with argon plus air plasma respectively. Rahimi-Verki et al. (2016) evaluated the effect of cold atmospheric plasma treatment on the growth of C. albicans, especially the ability of the plasma-treated fungus for biofilm formation. Candida albicans cell suspensions were irradiated at different time intervals of 90, 120, 150 and 180 s by cold atmospheric plasma-contained He/O 2 (2%). The results showed that the cold atmospheric plasma remarkably suppressed the growth of C. albicans by 31-82% at the given times. Likewise, the plasma strongly inhibited biofilm formation by 43-57%. The findings of these studies indicate that direct plasmas, irrespective of type, generated in ambient air or produced using an inert gas, such as He or Ar, and O 2 mixture can be used for effective destruction of biofilm-associated fungi, especially C. albicans. Additionally, plasma discharges can act as complementary disinfectants to conventional fungicides for biofilm eradication on different surfaces.
Conclusions and outlook
A direct comparison of the efficiencies of different plasmas with respect to inactivation of biofilm-associated microorganisms is difficult since they are produced and used for the treatments under varied conditions. All these studies clearly indicate the broad-spectrum microbicidal activity of different NTPs against biofilm-dwelling bacteria or fungi. It can be concluded that different plasmas exhibit variable inactivation rates of biofilmassociated microbes depending on several factors such as the composition of discharge gas, voltage and frequencies of power supply, distance between biofilm surface and plasma electrode and degree of plasma exposure. The inactivation rate and/or efficiency may also depend on the microbial-related factors including stage of biofilm development, film thickness, spatial structure (or architecture), type of microbial communities (pathogenic or nonpathogenic and mono or mixed culture) and their interactions, besides several other physicochemical parameters. Biofilm matrix-associated factors for variable response include presence of different structures and matrix compositions in biofilms. Furthermore, certain components of matrix may have an ability to neutralize the reactive species (Alkawareek et al. 2012) .
Nonthermal plasmas can exhibit antibiofilm efficacy on a variety of clinically significant microbial biofilm models in vitro. However, for the eradication of microbial biofilms on biotic surfaces, such as wounds, biocompatibility and safety issues of NTPs need to be addressed before routine use. For understanding of variable response, studies on interactions between the different matrix components with the plasma species have been suggested to be helpful. Studies are warranted for further eliciting synergistic microbicidal effects between NTPs and other disinfectants, and NTP-induced degradation of quorum-sensing molecules. For further understanding of microbial inactivation mechanisms by NTPs, plasma species characterization and in-depth studies on their interaction with the biological matter need to be carried out. Especially, studies on activity-responsible plasma species interaction with individual biomacromolecules like proteins, lipids, carbohydrates, DNA and kinetics related to these processes requires further attention.
